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Although we expect non-recombining regions of the genome to be prone to degenerative 58 processes, they may also be targets of positive selection, conferring advantages on individuals 59 of one or both sexes (Bachtrog, 2006; Ellegren & Parsch, 2007; Zhou & Bachtrog, 2012) . 60
Indeed, alleles that confer an advantage on one sex and a disadvantage on the other ('sexually 61 4 antagonistic', or SA, alleles) are thought to be one of the reasons for the evolution of 62 suppressed recombination around the sex-determining locus in the first place (Charlesworth & 63 Charlesworth, 1980; Rice, 1987b Rice, , 1992 van Doorn & Kirkpatrick, 2007) . For instance, alleles 64 that are advantageous to males but detrimental to females will increase in frequency if in tight 65 linkage with the male-determining locus (and vice versa for female-advantageous mutations), 66 because recombination would place them in a genetic background in which their expression is 67 deleterious. The sexual antagonism hypothesis also provides a plausible explanation for the 68 existence of 'evolutionary strata' on sex chromosomes, where regions close to the sex-69 determining locus, for which recombination was suppressed first, are more divergent than 70 those further away that stopped recombining more recently (Charlesworth et al., 2005; 71 Bergero & Charlesworth, 2009). However, despite its conceptual plausibility, there is still 72 limited empirical evidence for SA selection on sex chromosomes (Ironside, 2010). In the 73 guppy (Poecilia reticulate), attractive colouration increases male siring success but would be 74 deleterious in females that are rendered more visible to predators (Brooks, 2000) . Male 75 colouration factors are linked to the sex-determining region of the Y chromosome in guppy 76 populations prone to high predation (Lindholm & Breden, 2002; Charlesworth, 2018) , 77
pointing to the possibility that the non-recombining region may have expanded as a result of 78 SA selection. However, recent work has dismissed the idea of evolutionary strata on the Y 79 chromosome in guppies because recombination is suppressed in males generally -and not 80 just around the sex-determining locus (Bergero et al., 2019) . 81
More widely, the enrichment of genes with sex-biased expression on the sex chromosomes is 82 also consistent with the SA hypothesis (Ellegren & Parsch, 2007; Bachtrog et al., 2011; 83 Connallon & Clark, 2013). This is because differential gene expression between the sexes 84 points to a response to sex-specific selection (Connallon & Clark, 2010; Meisel et al., 2012) . 85
In the dioecious plant Silene latifolia, for instance, quantitative trait loci associated with 86 5 sexual dimorphism, which have the potential to resolve intralocus sexual conflicts, show sex-87 specific expression (Scotti & Delph, 2006; Delph et al., 2010) and are enriched on the sex 88 chromosomes (Zemp et al., 2016) . Similarly, in the subdioecious plant Fragaria virginiana, 89 linked sex-limited QTL underlie sexually dimorphic traits (Spigler et al., 2011) . Importantly, 90 sex chromosomes in which recombination has ceased recently may come to harbour sex-91 specific variation before accumulating deleterious mutations, with a possible net positive 92 effect on the corresponding sex. (Smith, 103 1963; Lloyd, 1974) . Such effects on gametophyte fitness have been invoked to explain 104 female-biased sex ratios in the wind-pollinated dioecious plant Rumex nivalis (Stehlik et al., 105 2008) . In contrast to their effects on the haploid phase of the plant life cycle, recessive 106 mutations on the Y chromosome will tend to be masked in the diploid phase as a result of the 107 expression of functional alleles on the X, and even partially dominant mutations might 108 become hidden by dosage compensation ( (Yamamoto, 1963 (Yamamoto, , 1975 118 Chevassus et al., 1988; Scott et al., 1989; Kavumpurath & Pandian, 1993) . A notable 119 exception to this pattern is provided by WW individuals of the androdioecious clam shrimp 120
Eulimnadia texana, in which ZW and WW hermaphrodites naturally co-occur with ZZ males. 121
Here, WW hermaphrodites are viable but have substantially lower fitness than their ZW 122 counterparts, pointing to recessive deleterious effects of W-linked alleles (Sassaman & 
Materials and Methods 169

Generation of YY males in Mercurialis annua 170
Two approaches were taken to generate YY males in M. annua. In the 'hormone' experiment, 171
we germinated diploid M. annua seeds and kept 38 male seedlings in a growth chamber. 172
Seedlings were sprayed with feminising cytokinin solution (6-Benzylaminopurine, 2 μM) 173 once a day, following a protocol modified from Louis & Durand (1978) , which led to the 174 production of a large number of pistillate flowers in the male inflorescences. We allowed the 175 modified males to pollinate one another, and then bulk-harvested the seeds. In total, we 176 collected 443 seeds from these crosses. 177
In the 'pruning' experiment, we stimulated female-flower production through severe pruning 178 on 2,000 diploid M. annua males grown in a common garden, prompted by the observation 179 complete YY viability, we thus expect 75% of the F1 progeny to be males (p1 in Figure 1a) ; 213 in contrast, we expect 67% males under the assumption of complete YY nonviability (p2 in 214 Figure 1a ). An intermediate value suggests partial YY inviability. We assessed the proportion 215 of male progeny for significant deviations from expected values using Chi-squared and 216 likelihood-ratio tests (Etz, 2018) . 217
Assessment of pollen morphology and anatomy in YY and XY males 218
We compared the morphology and gross internal structure of pollen grains from air-dried 219 flowers produced by 9 YY and 9 XY male progeny of leaky males from the hormone 220 experiment, using both scanning electron microscopy (SEM) and transmission electron 221 microscopy (TEM). We also included a mixed sample from 5 fresh normal diploid M. annua 222 males as a further control. Whole flowers were used for SEM, while anthers were isolated for 223 TEM. Multiple observations were applied to verify the results. Pollen size (polar and equator 224 diameters) was measured on SEM images using ImageJ v1.49 (Schneider et al., 2012) . 225
Assessment of the relative fertility of YY and XY males 226
We compared the fertility of YY and XY males by assessing their relative siring success in 227 competition with one another in a common garden, using progeny sex ratios to infer fertility 228 ( Figure 1b ). Specifically, we grew all progeny produced from the XY crosses from the 229 11 hormone experiment in a single common garden, i.e. crossing XX sisters with their XY and 230
YY brothers via open pollination. Mature seeds from the female plants were collected and 231 grown to estimate the F2 sex ratio (i.e. the proportion of males among the progeny). We 232 reasoned that all seeds sired by YY males would be males, whereas those sired by XY males 233 would have a 50% sex ratio. Given that YY individuals made up 1/3 of the male plants in the 234 F1 progeny of XY parents (see Results), we thus expected 67% of the F2 progeny to be males 235 if there was equal fertility of YY and XY males (p1 in Figure 1b ); in contrast, if YY 236 individuals were completely sterile, all F2 progeny should be sired by XY males, with a 237 corresponding 50% sex ratio (p2 in Figure 1b ). We applied both Chi-square and likelihood-238 ratio tests to test for deviation of the observed F2 sex ratio from these two extreme scenarios, 239 adjusting for the actual F1 XY : YY ratio based on our molecular genotyping described above. 240
Results 241
Relative viability of YY and XY males 242
Mating among hormone-feminized males (hormone experiment) or among males with 243 pruning female-flower production (pruning experiment) yielded 939 seeds, of which 278 244 survived until maturity. Of these, there were 203 male and 75 female progeny (73% males). 245
Recall that random mating among XY males should produce a proportion of 75% male 246 progeny if YY and XY individuals are equally viable (Figure 1a ). The observed F1 sex-ratio is 247 thus consistent with the scenario of equivalent viability of the two male types (i.e., we failed 248 to reject the null hypothesis p1: X 2 [1] = 0.58, P = 0.45). Alternatively, inviability of all YY 249 progeny would have yielded a sex ratio of 67% males; our results are inconsistent with this 250 scenario (p2: X 2 [1] = 5.05, P = 0.02). Fully YY viability was ~18 times more likely than 251 complete YY lethality ( Figure S4a ). The restriction enzyme genotyping assay confirmed the 252 presence of 57 YY and 106 XY males in our sample of progeny. A Chi-squared test revealed 253 12 no significant deviation from the expected 2:1 ratio of XY : YY male progeny (X 2 [1] = 0.20, P 254 = 0.66). 255
Comparisons between YY and XY phenotypes 256
We found almost no phenotypic differences between YY and XY males, irrespective of 257 whether they had been generated by the pruning experiment or the hormone experiment 258 (Table 1 & 2, Figure S1 ). Specifically, YY males were identical to normal XY progeny from 259 the hormone experiment in plant height, biomass/height ratio, absolute biomass allocated to 260 different organs (flower, peduncle and vegetative parts), male reproductive allocation (MRA), 261 and the flower/peduncle ratio (P > 0.05 for all comparisons; Table 1 ). Nor were there any 262 differences between the two male genotypes in terms of their principal components from a 263 PCA analysis (Table S1 ). The results from the pruning experiment were similar, except that 264 YY males had a slightly higher MRA than XY males (N = 53, P = 0.025), as well as higher 265 relative reproductive biomass allocation to male flowers (N = 61, P = 0.024 for 266 flower/peduncle ratio; Table 2 ). 267
Comparisons of pollen between YY and XY males 268
Scanning electron microscopy (SEM) revealed clear differences in the morphology and exine 269 ornamentation of pollen produced by YY versus XY males (Figure 2, top row) . In general, 270 pollen grains were small, with a polar diameter range of 15 -28 μm and an equatorial 271 diameter range of 13 -20 μm (Table S2 ). Dried fresh pollen grains from XY males were 272 prolate elliptic, tricolpate monads, with a mainly reticulate exine sculpture (Figure 2a) . 273
Apertures were invisible due to the constricted colpori. In contrast, dried pollen grains of XY 274 males were elliptic (Figure 2b) , with one aperture located in the middle of each slightly 275 infolded lolongate colporus. The ornamentation was granulate and reticulate, with small holes 276 13 distributed on parts of the pollen wall. Irregular attachments were occasionally observed on 277 the pollen surface. Pollen grains produced by YY males were nearly spheroidal, with mainly 278 granulate ornamentation and more frequent surface presentation of verrucae (Figure 2c) . 279
Transmission electron microscopy (TEM) revealed more significant differences in the internal 280 ultra-structures between pollen grains produced by XY and YY males (Figure 2, bottom row) . 281
Both fresh (Figure 2d ) and air-dried pollen grains (Figure 2e ) from XY males maintained an 282 internal matrix and had a distinct cell boundary. In contrast, many pollen grains from YY 283 males ( Figure 2f ) had a thicker exine layer, lacked starch storage within the grain, and 284
presented an indistinct separation of intracellular and intercellular substrates. Other organelles 285 such as the Golgi apparatus and mitochondria were also much less apparent in pollen from 286 YY than from XY individuals. Interestingly, some YY anthers had pollen that resembled that 287 of XY individuals, i.e. the differences just mentioned were not completely categorical at the 288 individual plant level. Perhaps significantly, any differences between pollen grains among YY 289 individuals were always from different anthers (i.e., we did not observe the two types of 290 pollen in the same anther). Among the 23 biological replicates of single anther specimen from 291 YY males, 12 samples showed abnormal pollen characters, while only two out of 11 samples 292 from XY males were different from control XY samples (Table S2) . 293
Relative fertility and siring success of YY and XY males 294
Results from mating arrays suggested that YY males were less fertile than XY males. We 295 obtained 192 F2 seedlings from seeds produced from mating among the F1 progeny of 296 hormone-treated parents. If we assume that the F1 population comprised XY and YY males at 297 a 2:1 ratio (along with XX females), the F2 generation should comprise 67% males if XY and 298 YY males are equally capable of siring ovules (Figure 1b) . The observed F2 sex ratio was 299 56% (107 males, 85 females), representing a significant deficit (p1: X 2 [1] = 9.74, P = 0.004), 300 14 which is compatible with YY males having sired fewer progeny than XY males. Our data 301 cannot reject a scenario in which YY males are completely infertile (p2: X 2 [1] = 2.77, P = 302 0.096). While infertility of YY males was 21.6 times more likely than complete fertility, YY 303 partial fertility is the most likely explanation for our results ( Figure S4b) . 
No difference in viability or vegetative morphology between YY and XY males 317
The similar vegetative morphology and viability of YY and XY males of M. annua indicate 318 that an X chromosome is not required for effective growth, and that a double dosage of the Y 319 chromosome has little or no effect on the diploid vegetative phenotype. Previous work has 320 documented mild degeneration of the M. annua Y chromosome at the sequence level, with a 321 slightly inflated dN/dS ratio for Y-linked genes, implying the accumulation of mildly 322 deleterious mutations, and clear evidence for the pseudogenisation of only one gene of 323 15 unknown function (Veltsos et al., 2019) . It would appear that any Y-chromosome 324 degeneration does not affect sporophyte growth. Given that the Y chromosome accounts for at 325 least an eighth of the genome of M. annua, and that a third of the Y chromosome is non-326 recombining (Veltsos et al., 2018, 2019) , it seems unlikely the absence of phenotypic effects 327 of Y-chromosome evolution is due to a paucity of genes on the Y that affect growth and 328 rather points simply to very mild degeneration. 329
While it is possible that YY individuals suffer from mildly deleterious effects that we were 330 unable to detect, or from effects on traits that we did not measure, the viability and phenotypic recombining with the X 11 million years ago (Krasovec et al., 2018) . In Carica papaya, the 340 divergence between X and Y chromosomes has been more recent than in S. latifolia, 341 estimated between 0.6 to 2.5 million years (Yu et al., 2008b) , but may still be older than 342 that in M. annua, in which the non-recombining region is likely less than 1 million years old 343 
Difference in reproductive traits and fertility between YY and XY males 349
In contrast to the purely vegetative traits, we found differences between YY and XY males for genome of Y-bearing haploid pollen tubes (Smith, 1963; Lloyd, 1974) ; such mutations are 393 expected to accumulate through a process of Muller's ratchet, or because purifying selection 394 is weakened in non-recombining regions by background selection and Hill-Robertson 395 interference (Nei, 1970; Charlesworth, 2002; Vyskot & Hobza, 2004) . In contrast, the poor 396 18 performance of pollen from YY individuals in M. annua may be the outcome of a quasi-397 neutral process, because the vast majority of pollen production in wild populations is by XY 398 individuals (YY individuals are very rare in nature, Cossard and Pannell, 2019), i.e., the 399 effects we have observed would almost never be exposed to purifying selection in the wild. 400
Moreover, in contrast to observations of sex-ratio bias in Rumex, the consistently equal sex 401 ratio in dioecious populations of diploid M. annua indicates that the Y-bearing pollen grains 402 compete on equal terms with X-bearing pollen in their race to fertilize ovules. We thus have 403 no evidence for effects of the Y chromosome on the haploid gametophytic phase in M. annua, 404 be they deleterious and associated with chromosome degeneration, or beneficial and 405 associated with the accumulation of male-beneficial alleles (Scott & Otto, 2017) . 406
Conclusion 407
To our knowledge, this is the first report of male sterility associated with the absence of an X 408 chromosome in plants that are otherwise completely viable. It joins evidence from the effects 409 of certation on progeny sex ratios for early phenotypic effects of sex-chromosome evolution 410 (Stehlik & Barrett, 2005; Stehlik et al., 2008) , albeit in the context of (diploid) 411 microsporogenesis rather than on (haploid) pollen-tube growth. The cause of the pollen defect 412 is unclear, but the sterility of YY males would seem to suggest either (1) that at least one gene 413 required for the proper development of fertile pollen is compromised on the Y and remains 414 functional on the X, or (2) that a double dose of one or more genes on the Y that have evolved 415 male-biased male-limited gene expression impairs pollen-grain development. Future work 416 comparing patterns of gene expression for such genes between XY and YY males will help to 417 distinguish between these possibilities. 
